Direct numerical simulations of turbulent viscoelastic fluid flows in a channel with wall-mounted plates were performed to investigate the influence of viscoelasticity on turbulent structures and the mean flow around the plate. The constitutive equation follows the Giesekus model, valid for polymer or surfactant solutions, which are generally capable of reducing the turbulent frictional drag in a smooth channel. We found that turbulent eddies just behind the plates in viscoelastic fluid decreased in number and in magnitude, but their size increased. Three pairs of organized longitudinal vortices were observed downstream of the plates in both Newtonian and viscoelastic fluids: two vortex pairs were behind the plates and the other one with the longest length was in a plate-free area. In the viscoelastic fluid, the latter vortex pair in the plate-free area was maintained and reached the downstream rib, but its swirling strength was weakened and the local skin-friction drag near the vortex was much weaker than those in the Newtonian flow. The mean flow and small spanwise eddies were influenced by the additional fluid force due to the viscoelasticity and, moreover, the spanwise component of the fluid elastic force may also play a role in the suppression of fluid vortical motions behind the plates.
Introduction
It is common knowledge that a surfactant or polymer additive can suppress turbulence and significantly reduce turbulent frictional drag when added to a liquid in a turbulent pipe flow [1, 2] . In general, the solution used as a working fluid for such a drag-reducing fluid exhibits viscoelasticity giving rise to significant modulations of fluid motions in turbulent flows as well as in laminar ones. From the practical viewpoint, the understanding of the turbulence characteristics in viscoelastic fluids is important, since it is believed that this can help in improving performance and fluid controls in relevant engineering situations. For instance, the drag-reducing surfactant solution liquid has been applied as an energysaving transport medium in residential heating devices and is currently being tested for further practical applications [3] . In flows accompanied by temperature and concentration gradients, the convective heat or mass transfer also appears to be decreased due to the damped momentum exchange. In other words, the suppression of turbulence reduces pumping energy and also pipe heat loss. The reduction of wall heat transfer is not always an advantage if one considers that more effort is needed in heat exchanger performance. Therefore, it is of practical value to develop an effective method to locally enhance the heat transfer. Our interest in this work focuses on viscoelastic fluid flows past a bluff body that may trigger a flow separation and reattachment and that generates longitudinal (streamwise-oriented) vortex pairs, which may locally enhance the heat and momentum transfer.
In the following, let us briefly review the numerical and experimental works relating to the present research. Fundamental studies by means of direct numerical simulation (DNS) have been increasingly performed to investigate modulated flow structures and the mechanism of drag reduction in viscoelastic turbulent flows. In those studies, most of the earlier DNS with several viscoelastic fluid models was limited, especially in the smooth pipe, plane channel, and boundary layer. Sureshkumar et al. [4] adopted the finitely extensible, nonlinear elastic-Peterlin (FENE-P) model and demonstrated the first DNS on viscoelastic turbulent channel 2 Advances in Mechanical Engineering flow. Min et al. [5] employed a different constitutive equation model, the Oldroyd-B model, and Yu et al. [6, 7] used the Giesekus model and compared their results with experiments on surfactant solutions. Tamano et al. [8, 9] performed DNS on the zero-pressure-gradient drag-reduced turbulent boundary layer in viscoelastic fluids using all of these models. With the aid of these DNS approaches, substantial new knowledge on the relation between the drag reduction and rheological properties of viscoelastic solutions, for example, the relaxation time and the elongational viscosity, has been gained during this decade. In terms of the relation between the turbulence structures and the additional stress due to the additive, many researchers have demonstrated the interactions between the near-wall coherent structures and the fluid viscoelasticity [10] [11] [12] [13] . In particular, Kim et al. [12, 13] reported a dependency of the vortex-strength threshold for the autogeneration of new hairpin vortices in the buffer layer on viscoelasticity. In their simulations of drag-reducing channel flows, a moderate Weissenberg number of Wi = 50, defined as the ratio of the polymer relaxation time to the wall time scale, was found to inhibit the generation of new vortices by polymer-induced countertorques, generating fewer vortices in the buffer layer. This implies that the viscoelastic-force torque would retard the vortical motion and the Reynolds-stress production. By the way, longitudinal (streamwise-oriented) vortices have enormous utility for flow control and are capable of producing beneficial effects in transport enhancement. They are utilized because they have great practical importance. Experimental investigations by Fiebig et al. [14] revealed the enhancement of heat transfer in the presence of longitudinal vortices, which were triggered by vortex generators (VG). Liou et al. [15] measured detailed local Nusselt number distributions with twelve differentshaped longitudinal VG. As for the viscoelastic fluid, Eschenbacher et al. [16, 17] experimentally investigated the effect of longitudinal vortices on the wall heat transfer using a single wing-type VG in drag-reducing surfactant solution flows. They observed that the longitudinal vortex behind the VG played an important role in heat transfer enhancements and might recover the reduced wall heat transfer coefficient of the surfactant solution up to the maximum value of pure water. Similar conclusions were drawn by other researchers in different experiments [18, 19] . Moreover, it was shown that the longitudinal vortex remained far downstream of the VG due the dumped momentum exchange in a drag-reduced flow and thereby enhanced the heat transfer in the wake of the VG [16] . This experimental fact may be in contradiction to the numerically observed viscoelastic behavior, namely, the countertorque against vortical motions mentioned above. In our previous works [20] [21] [22] [23] , we investigated the viscoelastic turbulent flow behind a two-dimensional rectangular rib and demonstrated that the quasistreamwise turbulent eddies survived far downstream, while the spanwise eddies were suppressed. However, we have currently not elucidated the counteracting characteristics of the viscoelastic force against the large-scale longitudinal vortices generated in the (timeaveraged) mean flow behind a finite plate.
As already mentioned, it is known that, on a smooth wall, the intensity of the near-wall turbulent eddies is reduced and their sizes are increased mostly in the buffer layer. This provides evidence for the drag-reduction mechanism based on modulations of near-wall eddies, which facilitate significant amounts of turbulence production. On the other hand, with a bluff body like a rib, the eddies are decreased in number, but quasistreamwise vortices remain. In that sense, the behavior and effect of the longitudinal vortex behind a plate in a viscoelastic flow are still unclear, since there are very few DNSs of viscoelastic turbulent flows in complex geometries. In the present study, we performed a DNS of viscoelastic-fluid flows in a channel with wall-mounted plates in order to analyze the turbulence and the effect of an obstacle that triggers longitudinal vortices.
Computational Approach
The computational domain we employed here is shown in Figure 1 . Periodically repeating spatial units of threedimensional solid plates are simulated with the periodic boundary conditions in the streamwise ( ) and spanwise ( ) directions. While the computational domain is 12.8 × 2 × 6.4 , the dimensions of the plate are 0.1 × 0.5 × 3.2 in , , and , respectively. Two plates are installed at the coordinate origin ( , ) = (0, 0) on each wall surface, but the front face of each plate is set at = 0. The nonslip and nonpenetrative boundary condition is applied to the whole solid wall, including the plate surface. The nondimensional governing equations are the equation of incompressible continuity
the Navier-Stokes equation
where indicate that they are normalized by the friction velocity 0 , which is derived from the mean pressure gradient through the computational volume, in the case of a smooth channel without any obstruction:
Here, is the fluid density. As for * and * , they are normalized by / 0 and , respectively. In (2), = s / 0 means a ratio of the solvent viscosity s to the total zeroshear-rate solution viscosity 0 , and the last term of in the right-hand side represents the body force vector per unit volume for the immersed boundary method [24] . The nondimensional value in (5) is the mobility factor, which determines the extensional viscosity of a fluid. The friction Reynolds number, the bulk mean Reynolds number, and the Weissenberg number are defined, respectively, as Re 0 = 0 / 0 , Re = 2 / 0 ( , the bulk mean velocity, as defined later), and Wi 0 = 2 0 / 0 ( , the relaxation time). The specific control-parameter values we tested here are summarized in Table 1 . In the present study, we compared the flow fields at different Weissenberg numbers (including the Newtonian fluid with Wi 0 = 0), while the friction Reynolds number corresponding to the pressure difference between the inlet and outlet of the domain of interest was fixed at a constant.
For spatial discretization, the finite different method was used. A central scheme with fourth-order accuracy was applied in the and directions and the second-order accuracy was in the direction. Time advancement was done using the third-order Runge-Kutta method, but the secondorder Crank-Nicolson method was used for the viscous terms in the direction. For numerical stability, we employed a flux-limiter scheme (MINMOD) to discretize the convective term in (5) and also introduced an artificial diffusion term as described in the last term in the left-hand side of the equation, where * means a numerical diffusivity. The present calculations were stable under the condition of * = 2 × 10 −4 . Figure 2 shows the shape of the grids we applied. The minimum grid spacing Δ + min = 0.31 to resolve steep velocity gradients is ensured near the plate edge and the channel wall, while the uniform meshes were used in the horizontal directions with Δ + = 10 and Δ + = 5. The complete grid size was 128 × 96 × 128. Figure 3 presents an instantaneous snapshot of eddies and streamwise velocity fluctuations near the bottom wall in each of the Newtonian and viscoelastic flows. Note that all the flows presented in this paper were obtained under the same pressure loss of Re 0 = 100, but the bulk Reynolds number varied between 1224 and 1288, as given in Table 1 . Thick black lines in the -contour represent the isoline of = 0, and thus the inside blue area corresponds to a reverse flow. Here, eddies are visualized by the second invariant of the fluctuating velocity-gradient tensor: As shown in Figure 3 (a), we categorize two regions where the flow was either directly or not directly obstructed by the upstream/downstream plate as the "upstream/downstream plate" or "plate-free region. " Hereafter, they are called "area A" and "area B, " respectively. The demarcations between them are located at * = / = ±1.6, as indicated by broken lines in the visualization figures.
Results and Discussion

Suppression of Turbulence.
In Figure 3 (a), a number of small-scale eddies can be observed to occur just behind the plate (in area A) and they propagate far downstream. Then, they seem to approach the next downstream plate due to the periodicity of the computational domain, but most of them decay or break rapidly before reaching the plate. This is because the bulk Reynolds number is too low to produce and sustain turbulence in a smooth channel compared to high viscous dissipation. In addition, strongly curved streamlines and local acceleration of the flow in front of the plate may also be attributed to the rapid decay of eddies. From Figures 3(b) and 3(c) , it is found that the eddies in the viscoelastic fluids are generally larger in size but smaller in number than those observed in the Newtonian fluid. The quasistreamwise eddies are further elongated along the streamwise ( ) direction in the viscoelastic fluid, especially for W 0 = 20. In the area far downstream (or upstream) of the plate, there remain only eddies that are relatively large and elongated in the streamwise direction. Spanwise eddies are observed locally just behind the plate and then they disappear a short distance from it, while many longitudinal eddies dominantly occur near the reattachment point. This character of the turbulent eddies behind a bluff body is consistent with that observed in the orifice flow [20, 22] , which demonstrates that the spanwise eddies induced by the Kelvin-Helmholtz instability would be suppressed significantly in viscoelastic flows at high Weissenberg numbers. In area B, relatively larger eddies compared to those in area A are observed, especially in the Newtonian fluid. The number of eddies is smaller but the scale of the eddies increases and longitudinal eddies appear dominantly, mostly originating from plate-induced eddies in area A. Housiadas and Beris [25] showed the energy spectra of a viscoelastic turbulent flow through a smooth channel and reported that, in the viscoelastic flow, low wave number contributions increase in intensity, whereas those with a high wave number decrease in proportion to the Weissenberg number. The same phenomenon is probably occurring in the present case. Relatively small eddies seen in the Newtonian flow are suppressed in the viscoelastic flows and large-scale eddies with highly turbulent energy survive. In the viscoelastic flow at Wi 0 = 20, the number of vortices is decreased compared with the case for Wi 0 = 12, especially, in the plate upstream of area A and the whole region of area B.
In order to extract the Kelvin-Helmholtz (K-H) eddies and examine the associated fluid forces on the eddies, the flow and force fields just behind the plate are visualized in Figures 4 and 5 . Here, the downstream of the plate mounted on the bottom channel wall and at = 0 is in focus. Figure 4 shows contours of the swirling strength , , by which underlying spanwise eddies can be extracted by excluding the contributions of shearing motions [26] . We computed , at each grid point as an imaginary part of the complex eigenvalues of the two-dimensional velocitygradient tensor / (here, both and are perpendicular to the direction): a vortical motion is easily identified by plotting isoregions of , > 0. Rotation direction is defined with the sign of local vorticity . The plate is located at * = 0.0-0.1. In the region shown in Figure 4 , there is a highspeed core area of the contraction flow past the two plates and also a low-speed area corresponding to the recirculation zone behind the plate. The velocity gradient between these areas (at around * = 0.5) is large, so the K-H vortices (characterized by blue contour in Figure 4 ) are sequentially induced. In Figure 4(a) , the large , represents the existence of K-H vortices in the Newtonian fluid. The scale of each eddy is smaller than 0.5 but many strong eddies are visible in = 1-3. On the other hand, in the viscoelastic fluid, relatively large-scale but few eddies appear and they are weaker than those in the Newtonian fluid. The vectors f and e are the viscous and elastic forces calculated with (3) and (4), respectively; and represents the angle between the local velocity vector and either the viscous or elastic force. From Figure 5 (b), we can confirm that the viscous force works in the opposite direction to the vortical motion. It should be noted that the local minimum position of , /| | is marked in Figure 5 , in addition to the rotation center in terms of the instantaneous streamlines. As for the elastic force given in Figure 5 (c), the inner product appears positive near the vortex center, but this is the case only for the upper side of the vortex. In the lower side, the inner product appears to be negative. The same tendency has also been confirmed in Wi 0 = 20, although not shown in the figure. Therefore, it can be concluded that the spanwise primary K-H eddies would be damped by both the viscosity and elasticity, which would result in the suppression of turbulence behind the plate in area A. Figure 6 shows the organized vortex structures in the mean flow and the contour of the skin-friction coefficient calculated with time-averaged data. The vortices are visualized by the second invariant of the time-averaged velocity-gradient tensor:
Influence on Time-Averaged Vortex Structures.
Note that 2 is based on the time-averaged velocity, ( , , ) = ∫ ( , , , ) /Δ . The time-averaged skinfriction coefficient is determined by
where ( , ) is the local wall shear stress and is the bulk mean velocity given by
at arbitrary (since does not depend on according to the mass conservation law).
The highest frictional drag clearly appears near the spanwise plate edges (in area B) because of a contracted highspeed flow between spanwise neighboring plates ( Figure 6 ). Behind the plate, it is clearly observed that four tails (corresponding to four vortices) extend from the plate edges to far downstream; that is, large-scale longitudinal vortices appear as secondary flows. According to reflection symmetry with respect to = 0, two pairs of longitudinal vortices may be detected from the figure. One of the pairs originates from a horseshoe vortex occurring in front of the plate and located slightly outside area A: this vortex pair is labelled as "pair-I vortex"; see Figure 6 (a). The other vortex pair, to be called the "pair-II vortex, " appears in area A and emerges near the top corners of the plate. These two pairs are observed in all of the flows, but the vortices, especially pair-II, become obviously weaker and shorter as the Weissenberg number increases. In any case, relatively large frictional drag occurs on the wall surface near the vortices.
The direction of vortical motion is not taken into account in the vortex visualization using 2 as in Figure 6 . The vortices can be divided into components by means of meanflow swirling strength (Λ , based on / ), which allows us to extract only longitudinal (streamwise-oriented) vortices, as given in Figure 7 (a). In this figure, there are six longitudinal vortices or three vortex pairs. The wall-normal vortices are also shown in Figure 7 (b) and they occur in the form of twin vortices due to separation just behind the plate, which is reported in many studies dealing with fluid flow around rectangular obstacles [27, 28] . The pair-II vortices may have their roots in this wall-normal vortex pair. As for the streamwise vortices in Figure 7 (a), another pair of small longitudinal vortices (named the "pair-III vortex") that could not be visualized in Figure 6 is found near the central plane at = 0. Since the vortices seem not to be derived from the plate and occur around the mean-flow reattachment zone, they may be induced by the pair-II vortices. moves further from the plate with increasing Weissenberg number; see also Figure 6 . Hence, the pair-III vortex may be closely related to the flow reattachment. If so, the vortex would induce enhancement of heat transfer in this area. The strength of the pair-II vortices is almost unchanged, while their shape is unclear in the viscoelastic flow from the viewpoint of cross-section streamlines. The pair-III vortices located at * = ±0.2 seem to be enhanced in the viscoelastic flow, because their appearance is moved slightly downstream, as mentioned above. The large variation of the streamlines behind the plate may be due to elasticity of the fluid. In the following section, we focus on the elastic force in the same cross-section to elucidate its relationships with the vortices and the mean flow.
Forces Acting on Longitudinal Vortices.
The fluid forces exerted on the fluid itself are examined in Figure 9 , focusing on the organized longitudinal vortices of pairs-I-III at the same streamwise location as Figure 8 . According to reflective symmetry with respect to = 0, only half of the cross-section in the spanwise direction is shown. Figure 9 (a) presents the swirling strength distribution of Λ , , where three vortices are observed: the vector represents the mean velocity ( , ), and Figures 9(b) and 9(c) show, respectively, the mean viscous force (F) and the mean elastic force (E). The contours show the inner products between the mean-flow vector U and each time-averaged force, in order to examine the relationship between the vortex motion and individual force.
In Figure 9 (b), it can be seen that the viscous-force direction is almost opposite to the velocity in every location. The inner product between them is negative around the vortices. In other words, the viscous force and the flow direction are always in anticorrelation. Therefore, it can be said that the viscous force suppresses longitudinal vortices. As for the elastic force, its vector field does not reveal rotating behavior near the vortices, unlike the viscous force, as seen in Figure 9 (c). The elastic force seems to force fluid to move globally from the bottom left to the top right in the figure, independently of the underlying vortices. However, in the vicinity of the wall, the force is opposite to the velocity direction. The inner product between the velocity and the elastic force around the longitudinal vortices exhibits both positive and negative values. Around the pair-I vortex, the absolute value of the positive inner product is lower than that of the negative. This implies that, regardless of the existence of a localized region where longitudinal vortices are promoted, the elastic force suppressed vortices, especially near the wall. Figure 10 shows the contours of the wall-normal and spanwise components of the elastic force acting on the longitudinal vortices at * = 5, where the largest magnitude of the wall-normal elastic force appears around the pair-III vortex for Wi = 20. The green lines in the figure represent the longitudinal vortices, as also presented in Figure 9 . As for the pair-I vortex, the spanwise force works strongly in an opposite direction to the rotating direction in the near-wall region accompanied by strong shear. In the upper and lower sides of the pair-II and pair-III vortices, reveals an inverse correlation with the fluid rotating motion. In the vicinity of the wall, a strong spanwise force is observed mainly in area A. On the other hand, in Figure 10 (a), the wall-normal force around the pair-I vortex is weaker than around other vortices. The force in area A is greater than that in area B, especially, in the region between pair-III vortices. Figure 11 shows the relationship between the maximum swirling strength relating to the pair-III vortices and the integrating value of at = 0. The latter value is given as ∫ It may be conjectured that there is a relationship between the pair-III vortex and the wall-normal elastic force. In summary, it can be said that the spanwise elastic force would suppress the longitudinal vortices in most areas, while the wall-normal force does not so affect longitudinal vortices except for the pair-III vortices. Figure 12 shows the distributions of the local value along the spanwise axis at * = 5.0 and 8.4 for each flow case. The highest frictional-drag area appears near each spanwise edge of the plate, or at the demarcation between area A and area B, and is also near the reattachment point of the pair-I vortex (see also the streamlines presented in Figure 8 ). The difference in between the Newtonian and viscoelastic fluids is large in area A between the maximum points, while the pair-I vortices are suppressed strongly in this area. However, at * = 8.4, the suppression of the pair-I vortex is rather weak and hence the difference in is small compared to that at * = 5. Figure 13 presents the drag-reduction percentage DR%, which is defined as
Local Skin-Friction Drag and Net Drag Reduction.
where Re for two corresponding fluids under the same Re 0 condition are compared. A negative DR% indicates an increase in the flow resistance for the relevant viscoelastic fluid flow. At * = 5, the maximum drag reduction occurs around * = ±0.6 (Figure 13 ), which is nearer to the center of area A compared to the location of the maximum skin friction that appears at * ≈ ±1.5 ( Figure 12 ). When focusing on the highest drag-reduced location, one may see that it is near the pair-II vortex, which is weakened strongly in the viscoelastic fluid. However, DR% at the center of area A is not so high and is almost the same level as that in area B at the further downstream region of * = 8.4, where the pair-II vortex is weakened (or decayed) in both fluid cases. The suppression of turbulence originating from the K-H instability just behind the plate is also the main cause of the high DR% found at * = 5. Since the turbulent fluctuation decays rapidly and almost settles down at * = 8.4, the difference in between the Newtonian and viscoelastic flows becomes relatively small in the far downstream region. Although the suppression of the pair-I vortex is significant, the highest drag reduction occurs in the region just beneath the pair-II vortex. In regard to the pair-III vortex, its swirling strength in the viscoelastic flow is greater than that in the Newtonian flow because this vortex is shifted in the streamwise direction. Therefore, the effect of the pair-III vortex on the frictional drag is weak, compared to the other vortex pairs. It seems that the suppression of the pair-II vortex affects frictional drag significantly. The skin-friction drag is lower than that in the Newtonian fluid in the whole area. Figure 14 shows profiles of the spatially averaged dragreduction percentage as a function of as follows:
The drag-reduction rate is not spatially uniform and is remarkably different between area A and area B. In area A, high drag reductions are obtained: ⟨DR%⟩ ≈ 30% at Wi 0 = 12 and 40% at Wi 0 = 20, while area B reveals relatively low drag reduction. The center of area B ( * = ±3.2), the furthest from the plate, exhibits small drag reductions of ⟨DR%⟩ = 12%-15%. The spanwise location at which the maximum drag reduction appears is found at * = ±0.9. A reason for this is the influence of the vortex pairs; that is, the suppression of the pair-II vortex and the decrease in drag near the reattachment point might lead to the drag reduction. Other local peaks appear at * = ±1.8 and they may be due to the suppression of the K-H instability at the spanwise edge of the plate. Figure 15 shows distributions of the local skin-friction coefficient defined by (10) at the centers of either area A ( = 0) or area B ( * = 3.2). Also shown is the distribution on the line of * = 0.8, at which the maximum of ⟨DR%⟩ appears. At = 0, a significant reduction occurs to some extent behind the plate, because of the suppression of the K-H and turbulent eddies, similar to the case of the ribmounted channel flow [21] . At * = 0.8, the difference in between the two fluid cases is large in the downstream of the recirculation area ( * = 3.6-6.4), where the pair-II vortex is observed in the Newtonian flow. On the other hand, moving downstream of the area, the difference becomes small. This implies that the suppression of the pair-II vortex induces a decrease in the momentum transport in * = 3.6-6.4. At * = 3.2, the differences in the frictional drag are less significant and, hence, it can be said that contribution of longitudinal vortices in area B is very weak.
Conclusion
The effects of fluid viscoelasticity, governed by the Giesekus model, on the evolution of longitudinal vortex behind finite plates in a channel flow were studied by means of direct numerical simulation. The following results are expected to contribute to our understanding of organized longitudinal vortices and of the characteristics of the viscoelastic turbulent flow in a complex geometry.
We observed that three pairs of large-scale vortices occurred behind the plates and they were weakened in the viscoelastic fluid. The suppression of longitudinal vortices was induced by the elastic force as well as the viscous force. The spanwise elastic force works opposite to longitudinal vortices, while the wall-normal component does not play a role in the longitudinal-vortex suppression. The suppressions of the longitudinal vortices and the turbulent fine-scale eddies from the Kelvin-Helmholtz instability caused a significant drag reduction to some extent behind the plates. In case of higher Reynolds numbers, a somewhat larger value for the drag-reduction rate would be obtained because of further suppression of near-wall turbulence.
